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Effects of Ca and glycine on lipid breakdown and death of ATP-
depleted MDCK cells. The relationships between cytosolic free calcium
(Caf), cell associated glycine, phospholipid hydrolysis and cell death were
investigated in Madin-Darby canine kidney (MDCK) cells injured by
depletion of adenosine triphosphate (ATP). Glucose free incubation for
three hours with a mitochondrial uncoupler resulted in progressive loss of
glycine from cells. However, they were not lethally injured unless a
perturbation of Ca homeostasis was also induced. Exposure to a Ca
ionophore and uncoupler in 1.25 mtt Ca medium (+Ca) resulted in
accelerated cell death. ATP depleted cells with ionophore in 100 nM Ca
medium (— Ca) were also lethally injured, but after a significant delay.
Depletion of glycine preceded death in both groups of cells. Exogenous
glycine (5 mM) protected +Ca cells against lethal membrane damage, but
the beneficial effects were lost over a period of time. In contrast, —Ca cells
were completely protected throughout. Phospholipid mass and radioactive
label in lipid fractions of cells prelabeled with 3H-oleic acid were
measured. Accelerated death of + Ca cells was accompanied by large
decreases of phospholipid mass, loss of phospholipid label, and accumu-
lation of unesterified labeled fatty acid. These changes were greatly
decreased by incubation in —Ca medium. On the other hand, protection
by glycine could not be attributed to modifications of either the massive
breakdown of phospholipids that occured in +Ca cells, or the modest
changes seen in —Ca cells. In +Ca cells, the deleterious effects of
increased Caf and phospholipid breakdown ultimately prevailed over
protection by the amino acid. Thus, separate pathways of cell death
associated with increased Caf and decreased glycine were defined in ATP
depleted, Ca permeabilized MDCK cells. Calcium excess and massive
phospholipid loss are features of a damage process that occurs indepen-
dently of whether cells are protected by glycine or not. Conversely, the
glycine sensitive component of injury is expressed regardless of whether
intracellular Ca is increased, or large phospholipid losses occur. ATP
depletion in —Ca medium provides a system to study mechanisms of
glycine cytoprotection uncomplicated by Ca toxicity.
Although their role during naturally occurring forms of injury
remains under investigation, it is well documented that sustained
increases of ionized calcium within cells are cytotoxic and rapidly
lethal [1—5]. In part, the membrane damage which occurs under
these circumstances can be explained by the activation of phos-
pholipases [2, 6]. Recently, a form of membrane damage attrib-
utable to the lack of glycine has also been recognized [4, 5]. We
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have reported that glycine and specific structurally-related amino
acids have cytoprotective actions both during simple energy
deprivation, and during extreme forms of cell injury induced by
the calcium ionophore, ionomycin [4, 5]. Cultured kidney epithe-
hal cells as well as freshly isolated proximal tubules sustained
lethal injury when they were depleted of energy and exposed to
ionomycin in media containing millimolar Ca Measurements
of intracellular free Ca (Caf) confirmed that ionomycin had
rapidly induced large sustained increases of the ion. Under these
circumstances glycine prevented increased permeability of plasma
membranes to vital dyes and the cytosolic protein lactate dehy-
drogenase (LDH) for extended periods, but did not mitigate the
severity of a number of other structurally disruptive events or the
increases of Caf [4, 5]. Because increased Caf is expected to
activate phospholipases [2, 61, and glycine prevented membrane
damage, it became necessary to determine if the amino acid had
maintained membrane integrity by decreasing the extent of phos-
pholipid breakdown, and if the process of damage interrupted by
glycine is necessarily mediated by calcium and phospholipid
alterations. We also wished to further clarify the role of endoge-
nous, cell associated glycine in modifying cellular injury behavior.
Methods
Cell culture and growth
MDCK cells from the American Type Culture Collection
(Rockville, MD, USA) were grown in Dulbecco's modification of
Eagle's medium with 25 m glucose and 10% calf serum in 6%
CO2 at 37CC. Cultures were used within 30 passages. To measure
cell ATP and glycine, and characterize injury parameters, 120,000
cells were plated on 35 mm plastic dishes and grown for three days
before use. Lipid metabolic studies were done on 360,000 cells
plated on 60 mm dishes and grown similarly for three days.
Experimental design
The growth medium was removed by washes in phosphate
buffered saline (PBS) and a Krebs-Ringer bicarbonate solution
(KRB) containing (in mM) 115 NaC1, 3.5 KC1, 25 NaHCO1, I
KH2PO4, 1.25 CaCl2, and 1 MgSO4, gassed with 95% air, 5%
CO2. Experimental medium was then added. Amino acids were
added to KRB as bOX aqueous stock solutions. Carbonyl cya-
nide-m-chlorophenyl hydrazone (CCCP), an uncoupler of oxida-
tive phosphosylation, and ionomycin, a Ca ionophore, were
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added as l000x stock solutions in ethanol to obtain final concen-
trations of 15 LM and 5 LM, respectively. Experimental media
were free of glucose, so that oxidative phosphorylation would be
the only source for ATP synthesis. Incubations were done in
medium containing 100 nM Ca (—Ca), as well as in usual
medium with 1.25 mivi Cail (+Ca). To make —Ca medium, KRB
was buffered to 100 flM Ca by the addition of 2.25 mM EGTA
[4, 5]. Lesser amounts of EGTA were added to obtain interme-
diate concentrations of Ca + as desired. Incubations were at 37°C
under 5% CO2 in air and terminated after 30, 60, 120 or 180
minutes. LDH was measured in medium and expressed as a
percentage of total LDH in control cells [4, 5].
To study phospholipids, cells were labeled for 16 to 18 hours
with 3H-oleic acid (New England Nuclear, Boston, MA, USA; 7.4
Ci/mmol; 2 iCi/dish), and chased for one hour in full growth
medium without label. At the end of the chase period, >99.5% of
the fatty acid label was esterified. Even when they are grown with
serum, MDCK cells have low arachidonic acid content in all
relevant phospholipid classes [7—91. On the other hand, oleic acid
is the predominant fatty acid in total phospholipids (—45%) and
in most of the species (50 to 65% in phosphatidylcholine, phos-
phatidylethanolamine, and phosphatidylethanolamine plasmalo-
gen) [7—9]. Even in phosphatidylinositol plus phosphatidylserine,
where it is the second most abundant fatty acid (35.2%) after
stearic acid (43.7%), it is likely to be the predominant fatty acid
acylated in the sn-2 position [8]. In preliminary studies, we also
showed that esterified 3H-oleic acid label is distributed in good
proportion to the mass of labeled phospholipid species. Conse-
quently, we chose to monitor the deacylation of 3H-oleic acid as
an independent and sensitive index complementary to measure-
ments of phospholipid mass. Experimental incubations were
terminated after 60, 120 or 180 minutes. Cells plus medium were
extracted for lipids. Lipid classes were separated by thin layer
chromatography, and radioactivity measured in scrapings by scin-
tillation spectrometry. Total phospholipid mass was also mea-
sured in whole lipid extracts.
Analytical methods
Protein, ATP and LDH were measured as described [4, 5]. To
measure LDH, samples of medium were briefly centrifuged to
remove detached cells and the supernatant used. The majority of
cells injured in +Ca medium were detached, but centrifugation
did not spuriously damage the membranes ensuring that valid free
LDH measurements were made. With rare exceptions, cells
injured in —Ca medium remained attached to the substratum. For
ATP and glycine, cells and medium were extracted with ice cold
trichioroacetic acid (TCA) at a final concentration of 6%. TCA
extracts were neutralized with tri-n-octylamine-Freon, filtered and
stored frozen as described [10]. Amino acid analysis was accom-
plished using fluorescence detection at 340 nm excitation 450 nm
emission after online, precolumn derivatization of neutralized
TCA extracts with o-phthalaldehyde (Fluoraldehyde, Pierce,
Rockford, IL, USA). The derivatized amino acids were separated
on a Beckman 5 im ODS Ultrasphere Column (San Ramon, CA,
USA) using a flow rate of 1.3 mi/mm and a mobile phase
consisting of 0.02 M sodium acetate-methanol-tetrahydrofuran
85—11—4 (vol-vol), pH 5.7, with linear gradient addition of aceto-
nitrile to a final concentration of 50% in three phases [11].
Measurement of Caf
Caf was measured in Fura-2 loaded cells grown on 25 mm
diameter glass coverslips using Fura-2 as described by us previ-
ously [4, 5]. Briefly, cells were loaded with Fura-2, mounted in
Dvorak-Stotler culture chambers, superfused with desired media,
and mounted on the warm stage of a Nikon inverted microscope
connected to a SPEX (Edison, NJ, USA) CM-2 spectrofluorom-
eter system using the DM 3000 computer and software. The
monolayer was viewed with a 40 X lens, so that measurements
represented the average Caf in a small group of cells rather than
from single cells. Methods for fluorescence excitation, analysis of
signals, and calculation of Caf were exactly as described [4, 5]. As
before, we used compound 1799, a non-fluorescent mitochondrial
uncoupler as the ATP depleting agent for these studies in order to
avoid the overlay of autofluorescence from CCCP on the signals
from Fura-2. To determine the relationships between Cail
concentrations in the medium and Caf concentrations in cells
permeabilized with ionomycin with or without uncoupler, the
chamber holding the coverslips was perfused with solutions which
were either nominally free of Ca (—10 jiM) or contained 100
nM, 100 jiM, 250 jiM or 1.25 msi
Lipid extraction and analysis
Following termination of experiments by the addition of cold
methanol, cells were scraped and transferred along with medium
and methanol to glass tubes for extraction according to Bligh and
Dyer [121. Aqueous impurities in extracts were removed on
Sephadex G25—150 columns equilibrated in chloroform. Total
phospholipids were measured as lipid phosphorous [13]. Extracts
were separated in the presence of carrier lipids by thin layer
chromatography (TLC) on 0.25 mm thick Silica Gel HL plates
(Analtech) using hexane, diethyl ether and acetic acid (40/60/1)
for neutral lipids, and chloroform, acetone, methanol, acetic acid
and water (30/40/10/10/5) as solvent systems for neutral lipids and
phospholipids, respectively. After spraying with 6-p-toluidino
2-naphthalene sulfonic acid [14], lipid spots were identified by
comigration with standards, scraped and radioactivity measured
by scintillation spectrometry.
Reagents
Reagents were obtained from Sigma Chemical Co. unless
otherwise stated. BCA reagent for protein assay was from Pierce.
lonomycin was from Calbiochem. Compound 1799, 2,6-dihy-
droxy-1, 1, 1, 7, 7, 7-hexafluoro-2,6-bis(trifluoromethyl)heptan-4-
4-one[bis(hexafluoroacetonyl)] acetone, was provided by Dr. Pe-
ter Heytler (DuPont, Wilmington, DE, USA).
Statistics
Values are reported as means SE. A multigroup repeated
measures design was used for all experiments. The numbers given
(N) represent separate experiments done on different days in
duplicate. Data were analyzed by analysis of variance for repeated
measure designs. Individual group comparisons were made using
the Neuman-Keuls test for multiple comparisons (PC ANOVA,
Human Systems Designs, Northridge, CA; Statistical Software
from BMDP Statistical Software Inc., Los Angeles, CA; or
KWIKSTAT from TexaSoft, TX, USA). P < 0.05, in a two tailed
comparison was considered to be statistically significant.
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Figs. 1 and 2. A TP concentrations (left panel), glycine content (middle panel) and LDH release (right panel) during incubation of MDCK cells for three hours
in glucose free KRB containing 1.25 msi Ca (Fig. 1) or 100 nM Ca (Fig. 2) without further additions (time control, solid triangles), with lonomycin (ION,
solid circles), with the uncoupler carbonyl cyanide-m-chlorophenyl hydrazone (CCCP, empty circles), or both ionomycin and uncoupler (1+ C, empty triangles).
Error bars not shown for clarity. P < 0.05 or 0.01 for all differences considered to be significant (N = 5). In 1.25 miat Ca medium, all decreases of
ATP were significant, but there were no differences between affected groups. Although initial rates of decline of cell associated glycine were significantly
slower with either ionomycin or uncoupler alone than with both ionomycin and uncoupler, the values were equivalently low at three hours. LDH release
was significantly higher for cells with i000mycin alone or both ionomycin and CCCP at all time periods beyond 30 minutes, but there were no differences
between these two injured groups. In 100 nM Ca medium, there were decreases of ATP only in cells which were exposed to uncoupler. Notably, in
contrast to cells in 1.25 mvi Ca medium, cells with ionomycin alone were unaffected. Cell associated glycine fell steeply in both groups exposed to
uncoupler (CCCP and I + C) and reached levels significantly lower at two hours and three hours than in corresponding cells incubated in 1.25 ms Ca
medium. Decrease of glycine in cells with i000mycin alone was only modest, significantly different from values at zero time and in corresponding cells
with 1.25 mat Ca in Figure 1. Incubation in 100 nM Ca mediumperse (time control) led to modest, but significant decreases of glycine, unlike cells
in 1.25 mM Ca ÷ medium. Significant LDH release occurred oniy in I+C cells. Cells with CCCP alone showed a trend towards increased LDH release,
but this was not significant.
Table 1. Release of lactate dehydrogenase (LDH), free fatty acid label (FFA), esterified fatty acid label in phospholipids (SP-sphingomyelin, PC-
phosphatidyicholine, PS-phosphatidylserine, PI-phosphatidylinositol, PE-phosphatidy lethanolamine), aggregate sum of label in individual
phospholipids (SUM PL) and total lipid phosphorus (Total lipid P)
LDH FFA Sum PL SP PC PS P1 PE Total lipid P
Zero time 1 1 1 1 1 1 1 1
control
C, +Ca 1d 15 2°" 0.80 0.02" 1.05 0.10 0.77 0.02° 0.85 0.12 1.00 0.02° 0.82 0.05" 0.80 0.05°"
I+Ca 74 6'" 95 ÷ 9ade 0.73 002ad 0.95 0.11 0.78 002ad 0.55 003d 0.69 O.O7 0.60 004ad 0.77 0.02°'"
I-I-C, +Ca 83 1bde 123 8te 0.65 001abd 0.87 0.06 0.71 0.01" 0.50 0•05ahde 0.58 003abde 0.46 0.04d 0.75 0.02°"
I±C, +Ca, 82 117 9abde 0.71 O.02' 0.95 0.04 0.74 0.02" 0.59 O.O8° 0.59 0.62 0.03°"" 0.73 0.02°""
TAU
I+C, +Ca, 42 128 11abde 0.68 002abdc 0.88 0.06 0.72 0.03° 0.54 010ahde 0.58 001abdc 0.60 0.75 002ad
GLY
C, —Ca 10 2" 16 0°" 0.83 0.02" 0.97 0.08 0.80 o.ola 0.88 0.11 1.02 0.04" 0.85 0.08° 0.86 0.03°
I—Ca 3 2 0"" 0.94 0.01 1.04 0.04 0.90 0.02"" 0.87 0.11 1.25 0.02"" 0.96 0.01 0.91 0.03°
I+C, —Ca 52 9b 24 4be 0.78 0.02" 0.94 0.07 0.78 0.02" 0.77 0.06 0.93 0.05° 0.67 005abc 0.86 0.04°
I+C, —Ca, 60 7"" 32 8abc 0.83 0.06" 0.98 0.05 0.80 0.02" 0.97 0.10 1.01 0.04" 0.81 09° 0.83 0.04"
TAU
I+C, —Ca, 2 1"" 13 2"'-" 0.85 0.02" 0.98 0.07 0.82 0.01' 0.88 0.11 1.12 0.040 0.87 0.07 0.87 0.05"
GLY
3 hr. Control 0 1 0 0.76 0.05" 1.03 0.06 0.72 0.08" 0.84 0.10 0.72 0.02" 0.92 0.03 0.90 03
Abbreviations are: C, CCCP only; I, ionomycin only; I+C, ionomycin + CCCP; +Ca, 1.25 mat Cail; —Ca, 100 nM Ca; TAU, taurine; GLY,
glycine. LDH is shown as the percent ratio of free to total LDH. Total Lipid P is phosphorous in lipid extracts, shown as ratios normalized to the values
at zero time. Data on radiolabelled lipids (FFA, SUM PL, SP, PC, PS, PT, PF) are also shown as ratios normalized to the values at zero time. Lipid
phosphorous and radioactivities at zero time in a typical experiment prior to interventions are: lipid phosphorous (in jsg/mg protein), 4.08; lipid
radioactivity (in dpm/mg protein): FFA-2101; SP-30721; PC-854578; PS-52952; P1-106932; PE-142802; SUM PL-1187985.
a Different from Zero time control at end of chase
"Different from corresponding group with CCCP only, without ionomycin
"Different from corresponding group without glycine
d Different from corresponding —Ca group
Different from Time control.
Results
LDH release and cell A TP
Cells incubated with CCCP and ionomycin or ionomycin alone
in normal, 1.25 mat Ca medium showed rapid and progressive
lethal injury measured as increase in the extracellular concentra-
tion of LDH (Fig. 1). When cells were incubated with CCCP and
ionomycin in medium with 100 nM release of LDH was
delayed, and of lesser magnitude (Fig. 2). Cells with ionomycin
alone in low calcium medium were not injured (Fig. 2). Lethal
injury was not induced by CCCP alone in 1.25 mat Ca medium
(Fig. 1). Although there was a small trend towards increased LDH
release with uncoupler alone when extracellular Ca + was ad-
justed to 100 nM (Fig. 2, 3 hr), this did not reach significance.
However, in another experiment, this difference became signifi-
cant (10% LDH release from —Ca cells incubated with CCCP
alone relative to corresponding +Ca cells and controls; Table 1).
Treatment of MDCK cells with either CCCP, ionomycin, or the
two agents together in medium with 1.25 mM Ca induced steep
declines of ATP, reaching values of 1 to 2% of normal or less by
three hours (Fig. 1). Virtually identical patterns of ATP decline
occured when the same experiment was done in medium contain-
ing 100 nat Ca + (Fig. 2), except that treatment with ionomycin
alone did not affect cell ATP when medium Ca was buffered to
100 flM (Fig. 2).
Cell calcium
In 1.25 mai Ca medium with ionomycin, where ATP levels
are equivalently low regardless of whether CCCP is present (Fig.
1), we have previously shown that Caf increases in MDCK cells
are similarly rapid and complete in cells with or without the
uncoupler [5]. As noted earlier, ATP levels in cells exposed to
ionomycin alone in —Ca medium are well preserved (Fig. 2). This
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Fig. 3. Measurements of cytosolic free calcium (Caf) in MDCK cells exposed to 5 pi ionomycin in the absence (A, B and C) or presence of 20 fIM Compound
1799, a mitochondrial uncoupler (D, E and F), in medium containing 10 IIM (A and D), 100 p.M (B and E) or 250 p.M (C and F) Ca.
is consistent with the notion that Ca + dependent mitochondrial
damage contributes importantly to cytotoxicity of ionophores and
other Ca overload states both by promoting ATP depletion-
induced degradative processes as well as by impairing cellular
defense mechanisms against further increases of Caf. The latter
process is illustrated by Caf measurements on cells in Ca
limited media, shown in Figure 3. In either 100 nM Ca medium
(not shown), or nominally Ca free medium (average Ca 10
Fig. 3 a, d), ionomycin produced only a brief Ca + transient
reflecting release of stored intracellular Ca , irrespective of the
presence of an ATP depleting uncoupler. At higher levels of
medium Ca , 100 and 250 .LM, sustained increases of Caf
develop and their magnitude becomes greater if a mitochondrial
uncoupler is also present (Fig. 3 b, e and c, f). As noted earlier,
maximal increases of Caf occur with ionomycin alone in 1.25
Ca medium even in the absence of an uncoupler [5].
Glycine in cells and medium
There were progressive and steep declines of cell associated
glycine which consistently preceded LDH release during all
conditions that produced ATP depletion (Figs. 1 and 2). There
were modest increases of cell associated glycine in time controls
exposed to 1.25mM Ca from 69 5 to 79 8 nmol/mg protein
(Fig. 1, P < 0.05), which based on the cell water content of 6
p.1/mg protein [151, calculate as concentrations of 11.5 and 13 mM,
respectively. In 100 nM Ca medium, with and without ionomy-
cm, cell associated glycine fell to 34 3 (with ionomycin) and 42
3 nmol/mg protein (without ionomycin) over three hours (Fig.
2, P < 0.05). Expressed as concentrations, (6 and 7 m, respec-
tively), these values are still at levels which are fully cytoprotective
for MDCK cells [5]. Medium glycine concentrations progressively
increased under both control and injury conditions to similar
degrees, reaching about 80 aM at three hours (Fig. 4). This
concentration is less than cytoprotective for MDCK cells [51.
Phospholipid metabolism
In the first experiment, cells prelabeled with 3H-oleate were
incubated for three hours with experimental media, after which
injury was measured as LDH released into the medium, and
hydrolysis of phospholipids quantitated as the decrease of ester-
ified 3H-oleate label in lipid classes or increase of label in the free
fatty acid (FFA) fraction (Table 1). To permit statistical analysis
of experiments done on different days, it was necessary to correct
for variations in the extent of 3H-oleate uptake by cells during the
labeling period. This was done by normalizing the content of
3H-label in lipid classes as a ratio to that present in control cells
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Fig. 4. Concentrations of glycine in the medium
during incubation with 1.25 mM Ca (left panel)
or 100 flM Ca+ (rightpanel) in the presence of
CCCP (empty circles), ionomycin (ION, solid
circles), ionomycin and CCCP (1+ C, empty
triangles), or without fwther additions (Time
controls, solid triangles). Values are means of 5
experiments. Error bars are not shown for
clarity. Differences were significant if P < 0.05
or 0.01. (N = 5). There were significant
increases of medium glycine with time in all
groups, but differences between groups were
either minor or insignificant. Control cells in
100 nu calcium medium released significantly
more glycine into the medium than
corresponding cells with 1.25 mat calcium.
at time zero on the same day, immediately prior to the experi-
mental incubation. Cells were exposed to CCCP alone, ionomycin
alone or both, in medium with 1.25 mat Ca or 100 nM Ca.
The medium variously contained glycine (5 mM), taurine (5 mM)
as a non-protective amino acid of similar structure [5], or was
amino acid free.
As in the Figure 1 studies, nearly all cells which were exposed
to CCCP and ionomycin in amino acid-free high calcium medium
were lethally injured during the three hour experimental period.
Glycine decreased this damage by nearly 50%, but taurine did not
protect the cells (Table 1). This accelerated cell damage was
significantly ameliorated by low calcium conditions both in the
absence or presence of glycine. Protection by glycine of the low
calcium group was complete. Cells exposed to CCCP alone
showed little or no damage when incubated in medium with 1.25
mM Ca + . However, corresponding cells with CCCP alone in low
calcium medium developed significant lethal injury (Table 1),
which was also prevented by glycine (not shown). Cells incubated
with ionomycin alone in 100 nM Ca medium showed no
damage.
Cells incubated with both CCCP and ionomycin in high calcium
medium showed large decreases (29 to 35%) of esterified 3H-
oleate in their total phospholipid pools (SUM PL in Table 1) that
were reflected in slightly smaller, but substantial decreases (by
'—26%) of phospholipid mass. These decrements occurred to
equal degrees regardless of whether the cells had been protected
by glycine or not, Correspondingly, there were large increases to
similar degrees (by 117- to 128-fold) of the release of unesterified
3H-oleic acid in all three groups (no amino acid, + taurine, and
+glycine), consistent with phospholipid hydrolysis by phospho-
lipases. This breakdown was in large part calcium dependent,
because it was substantially blunted by incubation in low calcium
medium. Thus, measured either as decrease of phospholipid mass
and esterified 3H-oleate, or as release of 3H-oleic acid, there were
large and significant differences between high and low calcium
groups (Table 1). Alterations of esterified 3H-oleate in phospha-
tidylinositol, phosphatidylethanolamine and phosphatidylserine
were quite similar to those seen in the sum total of phospholipids.
There were no differences of 3H-oleate content in phosphatidyl-
choline and sphingomyelin between high and low calcium groups.
There were no consistent differences in the patterns of phospho-
lipid decrease or 3H-oleic acid increase that were attributable to
the protection afforded by glycine, with one exception. The
striking protection by glycine of cells exposed to both CCCP and
ionomycin in low calcium medium was accompanied by signifi-
cantly lower fatty acid release relative to cells provided taurine, or
no amino acid (Table 1). Correspondingly, there was a trend
towards blunting of the decrease of oleate label in total phospho-
lipids. However, ionomycin+CCCP+glycine treated cells in low
calcium medium still developed greater fatty acid release and
decreases of phospholipids than either time controls, or cells with
ionomycin and glycine in low calcium medium without CCCP.
Release of fatty acid label from cells exposed to CCCP alone
was also of much lesser magnitude than in those exposed addi-
tionally to ionomycin in high calcium medium. Regardless of
whether the incubation had been in medium with 1,25 m or 100
flM Ca, 3H-oleate release was only ——15-fold that of controls,
and decrease of the label in phospholipids was comparable to that
found in the low calcium ionomycin plus CCCP group (Table 1).
As expected from normal turnover, there were -—24% declines of
esterified 3H-oleate from phospholipids in control cells over the
three hour period, but this was not accompanied by accumulation
of label in the free fatty acid fraction. Correspondingly, phospho-
lipid mass (total lipid phosphorous) decreased by only ——9%,
indicating that resynthesis of phospholipids was also occurring.
In the second experiment, we examined the time course of
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unesterified 3H-oleate release as it related to lethal membrane
damage during simultaneous exposure to ionomycin and CCCP.
Our objective was to determine if glycine inhibition of oleate
release in —Ca cells (Table 1) was indicative of a primary
protective mechanism based on the inhibition of phospholipase
activity, or was secondary to structural preservation of cells by the
amino acid. We reasoned that a primary inhibition of phospho-
lipase(s) by glycine would be indicated by decreases in the extent
of phospholipid breakdown early during the injury process, that is,
before LDH leaks out of unprotected cells without the amino
acid. Also, since glycine was not fully protective for ionomy-
cin+CCCP treated cells in 1.25 m'vi Ca medium at three hours,
we wanted to determine whether fatty acid accumulation during
unequivocally prelethal stages of injury in cells with glycine was
equivalent to that observed in unprotected cells without glycine.
Cells were prelabeled with 3H-oleate as before and incubated in
high or low calcium media that contained ionomycin and CCCP,
and either 5 mrvi taurine or glycine. The results are shown in
Figure 5. Without glycine, LDH release in high calcium medium
was rapid in onset, progressive, and nearly complete by three
hours of incubation. Enzyme release was markedly suppressed by
glycine up to two hours of incubation, but by three hours, a
number of cells (—40%) underwent lethal injury, consistent with
results shown in Table 1. Incubation in low calcium medium was
protective in itself, independently of effects attributable to glycine
or taurine. Thus, within each amino acid category, LDH release
was substantially less, and slower to develop for cells in —Ca
medium relative to corresponding +Ca cells. Nevertheless, lethal
membrane damage did develop in —Ca cells, modest in extent at
two hours and progressing to nearly 60% LDH release at three
hours. This injury in —Ca medium was completely prevented by
glycine (Fig. 5).
As would be expected from the results shown in Table 1, there
were strong effects of medium calcium on phospholipid catabo-
lism. Thus, there were steep and progressive increases of free
Fig. 5. Release of LDH (left panel) or
unesterijied labeled fatty acid from MDCK cells
prelabeled with 3H-oleic acid. Prior to
experimental interventions, 99.5% of the fatty
acid label was esterified. Cells were incubated in
1.25 mrvi calcium medium with ionomycin and
CCCP and either 5 mi taurine (+ Ca, TAU,
empty circles) or 5 mi glycine (+ Ca, GLY,
solid circles), or correspondingly in 100 nM
calcium medium with ionomycin and CCCP and
either taurine (—Ca, TAU, empty triangles) or
glycine (—Ca, GLY, solid triangles). Values are
the means of 5 experiments. Error bars not
shown for clarity. Differences were significant if
P < 0.05 or 0.01. (N = 5). The effects of glycine
on LDH release were significant at all time
periods tested in +Ca cells, and at two and
three hours in —Ca cells. The effects of Ca +
were significant at all time periods for cells with
taurine, and at two and three hours for cells
with glycine. On the other hand, there were no
differences between cells with taurine and
glycine with respect to fatty acid release, except
60 120 180 at three hours in the —Ca group. Differencesbetween +Ca and —Ca cells with either taurine
or glycine were significant throughout.
3H-oleic acid in cells incubated with either glycine or taurine in
+Ca medium, and these increments were markedly reduced by
low calcium conditions (Fig. 5). In contrast to the large and
clear-cut effects of medium calcium, alterations attributable to
glycine were small. Accumulation of free fatty acid label was quite
similar at all time periods in + Ca cells with either taurine or
glycine. Up to two hours of incubation in —Ca medium, there
were no differences in the accumulation of free 3H-oleic acid label
between cells with glycine or taurine; fatty acid release was equally
retarded in both groups of cells relative to +Ca cells. However, at
three hours, after large numbers of cells with taurine had lost
integrity, they showed modest, but significant increases in the
accumulation of free fatty acid label compared to cells with
glycine (Fig. 5). Corresponding to the changes observed in the
accumulation of free fatty acid label, there were greater decreases
of 3H-oleate and phosphorus in phospholipid fractions from + Ca
than — Ca cells, but alterations attributable to glycine were minor
and inconsistent (not shown).
Discussion
We have reported previously that glycine protects MDCK cells
against lethal damage caused by ATP depletion and treatment
with calcium ionophore [5]. That study did not examine the
relationships between progression of injury and depletion of cell
associated glycine as energy levels were declining. Also unresolved
was the question of whether the effects of glycine had been
directed against injurious events set in motion by calcium excess
or at damage processes unrelated to the increase of Caf. Increase
of Caf and hydrolysis of phospholipids are pathogenetically
related to structural damage and cell death during states of injury
[6, 16, 17]. Although Caf increase may injure cells in several ways,
its catalytic action on phospholipases can lead to lethal membrane
damage, and is therefore among the more important [6, 16, 17].
On the other hand, phospholipases that require little free Ca
may also play a role in cell injury [18, 19]. Consequently, we
A
100
75
a)
a)
500
25
B
125
100
75
50
25
0
C00
di>0
m
0
0
0
Venkatachalam et al: Phospholipid hydrolysis in MDCK cells 125
wished to determine the relative impact of increased Caf and lack
of cell associated glycine on the extent of phospholipid breakdown
and cell death. For this purpose, we employed an experimental
design which permitted Caf to rise or otherwise remain
"clamped" at 100 nM, and further allowed cells in each group to
become depleted of glycine or supplemented them with exoge-
nous glycine to prevent the ensuing damage. This technique has
enabled the experiments reported here to provide new insights
into the separate roles played by calcium and glycine in cell death,
and determine the relative importance of the two factors in the
pathogenesis of membrane damage associated with breakdown
and loss of phospholipids.
Our results showed two separate pathways of cell death in ATP
depleted MDCK cells exposed to a Ca + ionophore: one that
requires increased Caf, and another that takes place even if Caf is
not allowed to increase, but is prevented by glycine. Further, the
two pathways have been apparently dissociated. Viewed indepen-
dently of the effects of glycine, permeabilization of cells to calcium
ions resulted in accelerated phospholipid hydrolysis and cell
death, and these adverse effects were ameliorated by conditions
that prevent Caf increase. That another major mechanism of cell
death was also involved was shown by the fact that protection
attributable to low calcium conditions was only transient, unless
glycine, which potently prevented cell death, was also present.
Accelerated cell death under high calcium conditions was also
suppressed by glycine, but Ca cytotoxicity ultimately prevailed
over its beneficial effects. On the other hand, protection by glycine
was found to be not closely related to the extent of lipid hydrolysis,
and was expressed even in cells with massive phospholipid loss.
Cell associated glycine and calcium: Relationships to cell death
We have suggested that depletion of cell associated glycine is a
predisposing factor in the pathogenesis of lethal membrane
damage during several modes of acute cell injury. This was based
on observations that provision of glycine in the incubation me-
dium greatly delayed death from energy deprivation and other
noxious stimuli [17]. In contrast to our previous studies in freshly
prepared proximal tubules which become amino acid depleted
during isolation [10], the present experiments allowed assessment
of the behavior of cells which started with normal endogenous
glycine before ATP depletion was initiated. Since amino acid
transport in cells is energy dependent [101, we expected to find
and did observe depletion of glycine in cells during AlP deple-
tion. In every case, progressive loss of cell associated glycine
preceded lethal membrane damage. Although glycine derived
from cells accumulated in the medium, dilution of the amino acid
ensured that protective levels were not reached. During ATP
depleted conditions, transmembrane gradients of glycine cannot
be sustained; consequently, the measured medium levels are likely
to represent a good approximation of cell associated amino acid,
and therefore, of concentrations available at the relevant sites.
Glycine also accumulated in the medium of time control cells and
of cells without ATP depletion exposed to ionomycin in low Ca +
medium. In these settings, cell-associated glycine levels were also
quite high, reflecting the capacity of cells to maintain gradients.
Time controls in 1.25 mrvi Ca medium had a 16-fold gradient at
three hours of incubation. With control cells in low Ca
medium, the gradients were reduced to 6.5-fold.
However, our measurements also showed that depletion of
ATP and glycine were insufficient, by themselves, to cause cell
death over the several hour period studied. This was inferred from
results obtained in cells with simple ATP depletion, that is, during
exposure to the uncoupler (CCCP) alone, compared to corre-
sponding cells incubated additionally with Ca ionophore.
Within the high calcium group, cells with simple ATP depletion
sustained a somewhat slower initial decrease of cell glycine than
corresponding cells with added ionophore, but, by three hours of
incubation, the amino acid had decreased to an equal extent in
both groups. Nevertheless, release of LDH from cells with simple
ATP depletion was indistinguishable from controls, whereas the
injury response of cells with uncoupler and ionophore was cata-
strophic. Likewise, glycine was equally decreased in low calcium
cells exposed to uncoupler with or without additional ionophore,
but injury was much more severe in the ionophore treated group.
Thus, the membrane defect that is corrected by glycine requires
for its development not only the loss of glycine and ATP from
cells, but another factor, likely to be related to perturbation of
intracellular Ca + homeostasis. Differences in the degree of ATP
depletion, and other events linked to the availability of ATP,
cannot explain these results, because ATP declines were virtually
identical in all groups. lonophore by itself is unlikely to be the
additional perturbant. Without uncoupler, —Ca cells were not
lethally damaged in the presence of ionophore. On the other
hand, cells with uncoupler alone (without ionomycin) exposed to
100 nM Ca + were injured to a slightly, but measurably greater
extent than corresponding cells without ionophore in 1.25 mM
Ca medium (Table 1). This tendency of low calcium conditions
to worsen cell damage increased with time (not shown). It seems
likely that exposure to media containing unphysiologically lowCa + concentrations should disturb the normal patterns of Ca
fluxes within the cell, and across the plasma membrane. For
example, normal as well as ATP depleted proximal tubule cells
sustain large losses of bound calcium during incubation in media
containing 100 nM Ca + (J.M. Weinberg, unpublished observa-
tions). Thus, a perturbation of calcium homeostasis within cells
appeared to be required for the expression of the glycine-sensitive
molecular defect. In this regard, it would seem paradoxical that
conditions of calcium deficiency, as well as excess, predispose
ATP depleted cells to develop the glycine sensitive abnormality.
Conceivably, the common pathogenetic factor under both circum-
stances is redistribution of bound calcium in membrane microen-
vironments, which has been shown to occur in ATP-depleted
MDCK cells incubated in low calcium media [20]. Tight control of
bound as well as free calcium is required to maintain and
modulate the conformation and function of both structural and
regulatory proteins, and imbalance in either direction is therefore
likely to lead to protein dysfunction. Assuming that the effects of
glycine are mediated by its interactions with a membrane protein
as suggested [21], such a mechanism for protein dysfunction
leading to membrane pathology is plausible. In this regard, it is
also notable that low calcium conditions, irrespective of the
presence of ionomycin and the degree of ATP depletion, pro-
moted the loss of cell glycine (Fig. 2). This may be a manifestation
of the underlying membrane defect produced by Ca depletion
which predisposes cells to undergo lethal damage [22]. The
enhanced loss of cell glycine occurring in that setting, although
not primarily responsible for the damage, could in turn contribute
to its progression.
We found that when freshly isolated proximal tubules are
simply depleted of ATP, Caf increases after a delay of —20 to 30
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minutes, during which cell structure is maintained; only after the
Cal reaches micromolar levels do cells disintegrate [4j. Interest-
ingly, if tubules are placed in low calcium medium, ensuring that
Cal does not increase, the same delay is observed before struc-
tural disintegration occurs [23]. We have learned since that
simultaneous exposure to glycine prevents lethal plasma mem-
brane damage in proximal tubules not just for the 30 minute
period that we have reported [4, 23], but for several hours. In such
tubules, damage of the cytoskeleton and membranes in the cell
interior is observed following the same pattern of delay, but
without release of LDH (unpublished data). In the case of the
MDCK cell, the present observations indicate that simple ATP
depletion (by treatment with CCCP) in 1.25 mM Ca medium is
insufficient to cause lytic damage before many hours have elapsed,
even in the absence of glycine, whereas corresponding cells in 100
nM Ca medium had been injured to some extent by three hours
(10% LDH release, Table 1), progressively worsening subse-
quently (not shown). The difference in the expression of glycine
inhibitable membrane damage between the two conditions may be
that a pathological imbalance of bound/free calcium develops only
late in ATP-depleted MDCK cells incubated in media containing
1.25 Ca, but is likely to occur earlier in cells exposed to less
physiological 100 n Ca concentrations. While these consider-
ations suggest that abnormalities of cell associated calcium and
glycine play interdependent roles in the genesis of the death
event, further investigation of how both of these important factors
relate to each other is clearly required.
Cell associated glycine and calcium: Relationships to phospholipid
hydrolysis and cell death
When the effects of calcium and glycine on cell death are
analyzed in the light of how they modified the extent of phospho-
lipid hydrolysis, complex, but interesting relationships emerge.
They point out that Caf, but not glycine, has strong effects on
phospholipid hydrolysis in MDCK cells, and re-emphasize the
interdependency of these two factors in how they influence the
final outcome of injury. Our data need to be considered in the
light of mechanisms of phospholipase-mediated membrane dam-
age which may or may not require increases of intracellular Ca
for their activation [2, 6, 18, 19].
A number of species of mammalian phospholipases require
calcium ions to catalyze their function, and accelerated break-
down of phospholipids by these enzymes can lead to lethal injury
[2, 6, 16, 17]. On the other hand, increased phospholipid hydro-
lysis may also occur under conditions where intracellular Ca is
not elevated and give rise to membrane damage [2, 19]. Our data
show that this component of phospholipid hydrolysis is relatively
modest in MDCK cells. Thus, decrease of phospholipid mass, as
well as release of 3H-oleate label, were quite modest in —Ca cells
relative to the +Ca group, regardless of whether they had been
protected by glycine or not (Table 1 and Fig. 5). Moreover, these
changes were equal in magnitude in both protected and unpro-
tected cells during the prelethal stages of injury (Fig. 5). Never-
theless, the possibility that glycine sensitive changes in function-
ally important phospholipid subspecies of low abundance may not
have been detected by our techniques needs to be kept in mind.
Phosphorus estimations may not sensitively measure these
changes, and although oleic acid is very abundant in MDCK cells,
other subclasses acylated with other fatty acids will not be labeled.
By itself ionomycin was insufficient to induce specific alterations
in the low calcium group; ATP depletion was required in addition.
Glycine was decreased moderately in cells incubated with iono-
mycin in —Ca medium, but to the same extent as in —Ca controls
without ionophore, and ATP levels were normal in both groups.
However, when CCCP was included in the medium in addition to
ionomycin, ATP levels fell, and phospholipid alterations occurred.
The magnitude of the ATP depletion-induced component of
phospholipid alterations in —Ca medium is most precisely indi-
cated by differences in lipids between cells exposed to ionomycin
alone in 100 nM Ca medium and others which had been
similarly incubated, but with glycine and uncoupler (CCCP) also
present. Both groups had similarly low LDH release (Table 1) and
sufficient available glycine to maintain integrity (Fig. 2), but
differed greatly in their ATP levels (Fig. 2), and showed specific
differences with respect to lipids (Table 1).
It is notable that cells kept in CCCP alone for three hours did
not show Ca-dependent fatty acid release relative to —Ca cells
simply depleted of ATP, without ionomycin. The resistance of
MDCK cells that were simply depleted of ATP over a period of
three hours in standard medium with 1.25 mrvi Ca is in
agreement with the data of Sheridan et al, who found that
significantly lower numbers of MDCK cells lost viability during
ATP depletion induced by cyanide and deoxyglucose treatment
(without ionophore) than similarly treated mouse proximal tubule
cells in primary culture [24]. We had found earlier that Caf
remains normal in MDCK cells when they are simply depleted of
ATP in 1.25 mivi Ca medium without ionophore for at least 15
minutes. [5]. Thus, our current findings may imply that Caf did not
increase in cells with CCCP alone in + Ca medium, or that any
increases of Cal that might have occurred were insufficient to
activate Ca k-dependent injury mechanisms.
Our approach to selectively examine the actions of glycine in
ionophore treated cells with Cal clamped at 100 nM, as well as
those in which Cal was permitted to rise, has made it possible to
isolate the effects of calcium ions from those of the amino acid.
When viewed in their entirety, the data show an apparent lack of
correlation between the magnitude of phospholipid hydrolysis and
the extent of LDH release or protection afforded by glycine.
However, when the same results are re-examined within the
confines of groups with or without glycine, large effects of calcium
increase on both phospholipid hydrolysis and cell death are
readily evident. In cells without glycine, low calcium conditions
protected substantially against phospholipid hydrolysis as well as
cell death, but increasing numbers of cells lost integrity over a
period of time due to the specific effects of glycine deficiency. On
the other hand, high calcium conditions promoted phospholipase
activity in glycine protected cells also, and eventually caused
membrane damage that was severe enough to overcome amino
acid effects. Thus,the apparent lack of correlation between phos-
pholipid hydrolysis and cell death seen in the overall analysis can
be explained by the fact that both glycine and calcium ions
contributed substantially to the final expression of membrane
damage and cell death by disparate mechanisms. The individual
contributions of each factor could be examined with clarity only by
separating them.
These data need to be considered in the light of recent studies
suggesting that protection by giycine of hypoxic or metabolic
inhibitor treated proximal tubules is not mediated by amelioration
of the extent of phospholipid hydrolysis [23, 25, 26]. Our results in
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MDCK cells are in general agreement with these observations and
extend them to an injury setting where substantial depletion of the
major phospholipids occurs. However, cells incubated in low
calcium medium with ionomycin and CCCP but protected by
glycine did show less 3H-oleic acid release than corresponding
cells without glycine after three hours of incubation; at this time,
the unprotected group had already sustained significant lethal
injury. These late differences in 3H-oleic acid release were small
relative to the substantial Ca mediated effects, but significant.
That glycine did not have primary inhibitory effects on phospho-
lipid hydrolysis is made clear by the fact that the extent of fatty
acid accumulation was quite similar in cells with or without glycine
early during injury, when cell death was insignificant in both
groups. It is therefore probable that the greater phospholipid
breakdown seen in the absence of glycine at three hours occurred
agonally, secondary to the more specific form of lethal membrane
defect that develops in cells without the amino acid. Conceivably,
phospholipase activity might be stimulated in such cells during or
after the death event by pathology at the membrane-cytoplasmic
interface as recently suggested [2], or by leakage from cells of low
molecular weight factors that might otherwise have inhibited the
enzymes t26].
In conclusion, our studies suggest that Ca and glycine have
substantial, separate and additive roles in the pathogenesis of
lethal injury during ATP depletion of MDCK cells permeabilized
by a calcium ionophore. Disordered Ca homeostasis as well as
decrease of cell associated glycine appear to be prerequisites for
cell death under these conditions. Increases of Caf to micromolar
levels were associated with accelerated and massive phospholipid
hydrolysis; under these circumstances, Ca cytotoxicity ulti-
mately prevails over the robust protection afforded by glycine.
Prevention of Caf increase lessens phospholipid hydrolysis, but
provides sustained benefit to the cell only if glycine is also present.
The mechanism by which glycine protects cells does not directly
relate to the activity of phospholipases, measured as decrease of
phospholipid mass and deacylation of a fatty acid that is abun-
dantly esterified to phospholipids in MDCK cells. Although our
results show clearly that glycine does not modify the large lipid
alterations that occur in cells when Caf is allowed to increase
during injury by ATP depletion, or the more modest changes that
occur during damage under low calcium conditions, the possibility
that deacylation of low abundance phospholipid subspecies is also
contributing to injury needs to be kept in mind. The experimental
model reported here, in which two important variables which
affect injury are rigidly controlled, will make further studies on
these important issues easier to perform and interpret. Injury to
MDCK cells under the low Ca conditions defined here may be
particularly useful in that it is characterized by an especially
complete loss of endogenous cell associated glycine, is highly
amenable to cytoprotection by exogenous glycine, and is not
characterized by high levels of Ca k-dependent phospholipid
hydrolysis or associated damage that is unrelated to glycine
cytoprotection. Further examination of calcium independent in-
jury mechanisms, including those mediated by phospholipases and
others that involve structural proteins in membranes will be
facilitated by this experimental paradigm.
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